Tannin based rigid foams (TBRFs) have been produced with formaldehyde since 1994. Only recently several methods have been developed in order to produce these foams without using formaldehyde. TBRFs with and without formaldehyde are visually indistinguishable; therefore a method for determining the differences between these foams had to be found. The attenuated total reflectance infrared spectroscopy (ATR FT-IR) investigation of the TBRFs presented in this paper allowed discrimination between the formaldehyde-containing (classic) and formaldehyde-free TBRFs. The spectra of the formaldehyde-free TBRFs, indeed, present decreased band intensity related to the C-O stretching vibration of (i) the methylol groups and (ii) the furanic rings. This evidence served to prove the chemical difference between the two TBRFs and explained the slightly higher mechanical properties measured for the classic TBRFs.
Introduction
Tannin based rigid foams (TBRFs) are innovative materials obtained by exploiting the capacity of tannin for undergoing polyaddition reactions and that of furfuryl alcohol to polymerize under acid catalysis [1] [2] [3] . These materials have been investigated for many years, but only recently have they been systematically studied and many of their properties have been evaluated [4] [5] [6] [7] .
The first generation of TBRFs has shown good insulation properties and outstanding resistance against fire but they were produced with around 5% of formaldehyde, required to keep the network stable at room temperature. This drawback has hindered the development of the foams for industrialization because formaldehyde was the most debated chemical in wood science until it was classified as a carcinogenic molecule by the IARC in 2006 [8] .
Therefore, several efforts were made in order to produce 100% natural foams [9, 10] without formaldehyde. It was discovered that, by applying an external energy source, the formaldehyde-free tannin-furanic polymer could cross-link to similar extent and the new material obtained had similar properties to the first generation foams [11] [12] [13] . In addition, the new TBRFs had a fully natural profile and they were proven to be suitable for the production of lightweight panels; their mechanical performances are slightly weaker than the formaldehyde-containing TBRFs.
Numerous investigations have been carried out to clarify the chemistry of the tannin-furanic polymers, but only partial information could be achieved [14] [15] [16] [17] . On one hand, the flavonoid tannin extracts are constituted of aromatic oligomers variously substituted with hydroxyl groups [18, 19] and on the other hand the furanic polymers derived from acid polymerization of furfuryl alcohol present strongly interconnected networks in which the -electrons can be involved in unpredictable Diels-Alder reactions [20, 21] . The NMR and the MALDI-TOF studies as well as previous investigations were not able to unscramble the polymerization process completely.
In the present paper, the attenuated total reflectance (ATR) infrared spectroscopy was used to investigate the TBRFs and to discriminate the innovative formaldehyde-free TBRFs from the classic TBRFs produced with formaldehyde. 
Polymer Preparation.
The mimosa tannin-formaldehyde polymer (TF) was produced by mixing a tannin solution in water (50%) with 10% formaldehyde (w/w) in a plastic test tube. Some drops of sulphuric acid 30% were added to adjust the pH to 2.0. After vigorous mixing, the test tube was sealed with a screw cap and the solution was kept in the oven at 103 ∘ C for 24 hours. The resulting polymer was crushed in powder and further dried for 2 hours in a ventilated oven at 60 ∘ C. The polyfurfuryl alcohol (PFA) was prepared by adding a few drops of sulphuric acid 30% to 2 g of furfuryl alcohol. The exothermic polymerization reaction took place in a few seconds producing a black polymer. The polymer was then ground and dried for 2 hours at 60 ∘ C. The classic tannin based rigid foams were produced with formaldehyde at room temperature while the formaldehydefree tannin based rigid foams were produced at 120 ∘ C, heating the sample with the hot plates of a press. The two foams were produced according to the protocols already published elsewhere [2, 10] . Sulphuric acid 30% was used instead of ptoluenesulfonic acid (65%) for the synthesis of the TBRFs. The chemical composition of the two formulations is reported in Table 1 .
The TBRFs were cut into small specimens of around 2 × 2 × 2 cm 3 dimension keeping only the core material and successively conditioned at 20 ∘ C and 65% m.c. for more than one month. Finally, the foams were crushed in a mortar and kept for 5 minutes in a ventilated oven at 60 ∘ C, before ATR FT-IR investigation.
ATR FT-IR Spectroscopy.
The finely ground powders were analysed with a Frontier FT-IR spectrometer from PerkinElmer equipped with a Miracle diamond ATR unit. The investigations were performed in absorbance with 32 scans in the spectral area between 4000 and 600 cm −1 with a resolution of 4 cm −1 . The measurements were repeated 5 times for each batch and the spectra obtained were then elaborated with the software "Unscrambler" by Camo. Baseline correction and vector normalization of the signals were applied before averaging the 5 spectra for each sample.
Results and Discussion
The classic tannin based rigid foams (classic TBRFs) are copolymers constituted by flavonoid tannin, formaldehyde, and furfuryl alcohol units as monomers. The way in which these monomers are interconnected in the TBRFs is still nebulous. Considering that tannin can copolymerize with formaldehyde and that furfuryl alcohol can homopolymerize to polyfurfuryl alcohol (PFA), the TBRFs can be approached as a combined copolymer between these two basic polymers. Figure 1 shows the ATR FT-IR spectra of tanninformaldehyde polymer (TF), polyfurfuryl alcohol (PFA), and classic tannin based rigid foam (classic TBRF). The specific bands attributed to these spectra are reported in Table 2 .
The broad band in the region of 3700 to 3000 cm
showed the stretching vibration of the O-H groups in the different molecules. Comparing the intensity of this band for the three polymers, PFA contained the lowest amount of O-H group since most hydroxyl groups from the furfuryl alcohol monomers were removed via dehydration during the polycondensation reactions to form PFA. The more structured spectrum of the PFA was observed also for other furanic molecules as in Table 2 . Burket et al. reported the stretching of C-H in complex furanic polymers absorbed at these wavenumbers [22] . Bands at around 2900 cm
indicated the presence of saturated C-H stretching from the methylene (-CH 2 -), dimethylene ether (-CH 2 -O-CH 2 -), and methylol (-CH 2 OH) groups in the TF, PFA and classic TBRF. The region between 2500 and 1800 cm −1 does not present significant absorptions except for CO 2 and therefore it can be negligible.
At around 1700 cm −1 the C=O bond stretching occurs. All the polymers studied present a large band at this wavenumber. The tannin extracts show this peak exclusively after formaldehyde activation [23] , while the furanic polymer presents carbonyl groups after furan ring opening for incomplete scission of the ether linkage. The possible structure of PFA with the opened furan ring ( Figure 2 ) has been suggested by Conley and Metil [24] . The presence of this signal in the classic TBRF also meant that carbonyl groups were still available after the reaction was completed.
The absorption at around 1610 cm −1 is very intense for the tannin-containing polymers while being less significant for the polyfurfuryl alcohol. This peak is typically attributed to C=C stretching in benzene ring. The formation of the aromatic benzene rings in PFA could occur from the DielsAlder reactions between the furan rings (dienes) in an oligomeric chain and conjugated dihydrofuranic sequences (dienophiles) in another oligomer chain [20] . The Diels-Alder adducts could further undergo aromatization converting the oxygen-bridged bicyclic moiety into the benzene ring ( Figure 3) . The newly formed benzene rings linked the two Figure 1 : ATR FT-IR spectra of polyfurfuryl alcohol (red dot) tannin-formaldehyde polymer (green dots) and classic tannin based rigid foam (dark blue). PFA chains together and enhanced the conjugation of the polymeric system.
The spectral region between 1560 and 1300 cm −1 presents principally in-plane C-H bending of aromatic molecules. The heteroaromatic compounds absorb preferentially in the region 1560-1500 cm −1 while the phenolic compounds present major vibrations at around 1450 cm −1 .
The region between 1300 and 950 cm −1 (expanded in Figure 1 ) is strongly dominated by C-O stretching vibrations even if a few O-H bending and aromatic C-H bending vibrations occurred as well. In this region of the spectrum, the classic TBRF presents a slightly different profile from the ones of the two templates polymers. A major disaccording occurred at 1120 cm −1 where the -C-O-C-stretching signal takes place. This band shows higher intensity due to the increasing amount of ether bridges in the TBRF. This assumption could be confirmed noticing the increase of the bands at around 1035 and 1010 cm −1 . These bands could be attributed to C-O vibrations of (i) -C-O-C-ether bridges in complex oxygen containing cyclic molecules and/or (ii) =C-O-C= breathing in furanic moieties. The first confirmed the presence of dimethylene-ether bridges obtained by the condensation of two methylol groups, while the second suggested a lower degree of furan ring opening when the PFA polymerized in presence of tannin-formaldehyde at room temperature. It is worth noting that the TF polymerized also via methylol condensation, but due to the drastic polymerization conditions (103 ∘ C for 24 hours) the higher majority of the dimethylene-ether bridges evolved to methylene bridges by releasing formaldehyde.
In the fingerprint region from 950 to 600 cm −1 the assignments are very complicated but C-H bending of aromatic (principally out of plane) occurs with high frequency. This region can give immediate information about the degree of compactness of the polymers. The more the polymer is compactly networked, the less the absorption for out-ofplane vibration will be due to the high steric hindrance. The classic TBRF FT-IR spectrum presents intermediate compactness between TF (highly interconnected) and PFA (less interconnected). Distinct signals between TBRF and the two basic polymers (PFA and TF) could be observed especially at the wavenumbers 780 and 680 cm −1 . The strong signal at 4
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780 cm −1 of PFA which can be attributed to the conjugated polyheteroaromatic furan ring decreased due to the limited amount of ring opening. Classic TBRF showed a strong absorption at 680 cm −1 referring to the C-C-C ring in-plane stretching and C-H out-of-plane bending of the benzene rings. Comparing the TF and classic TBRF, some of the tannin-formaldehyde copolymers in classic TBRF were interacted with the terminal methylol groups of PFA (Figure 3 ) which separated the tannin-formaldehyde copolymers from each other. This orientation reduced the compactness of polymers arrangement in classic TBRF that made the C-C-C stretching and C-H bending occur more easily. The tannin-formaldehyde copolymers in TF, however, had higher compact arrangement that hindered these vibration modes.
PFA also showed small absorption at 680 cm −1 due to the formation of small amount of benzene rings from the DielsAlder and aromatization reactions between the PFA chains.
In summary, the vibrations of the classic TBRF could be obtained as a mix between the tannin-formaldehyde copolymer and the polyfurfuryl alcohol for all over the middle infrared region. It was possible to consider two extreme scenarios: (i) the two basic polymers were not competitive and developed in a parallel way without copolymerizing each other and (ii) the three monomers mixed intimately but maintained the structure similarly arranged to the two basic copolymers. Due to the fact that only a few "partially new" bands were observed (1120, 1035, and 1010 cm −1 ), it could be more logical to consider scenario (i) as the one occurring T a n n i n c h a i n Tannin chain Tannin chain T a n n i n c h a i n Tannin chain T a n n in c h a in Tannin chain T a n n i n c h a i n to the higher extent. But considering the fast kinetics of the formation of furanic polymers, it is senseful to imagine that a certain amount of tannin molecules incorporated into the network of the polyfurfuryl alcohol can create some covalent bonded tannin-furanic adducts preferentially via dimethylene ether (-CH 2 -O-CH 2 -) bridges. The FT-IR investigation of the tannin foams showed that the MALDI-TOF investigations are mostly confirmed: even if a certain amount of units in which furanics and flavonoids are combined, most of the copolymers are constituted of tannin-formaldehyde or polyfurfuryl alcohol fractions. These considerations become more interesting when formaldehyde-free tannin foams are investigated.
Indeed, when the spectra of classic TBRF and formaldehyde-free TBRF are compared (Figure 4) , it is possible to notice that from 4000 until 1200 cm −1 the spectra overlap almost perfectly. Due to the lack of formaldehyde, the signal at 1700 cm −1 could have been significantly decreased for formaldehyde-free TBRF, but no evidence of this phenomenon occurs, because the carboxyl group was predominantly derived from the incomplete scission of the furfuryl alcohol's units.
Conversely, a certain difference takes place in the wavenumber region between 1200 and 600 cm −1 . The main difference can be attributed to lack of the band at 1010 cm
and the decreasing intensity of the bands at 1120, 1080, 810, and 680 cm −1 for formaldehyde-free TBRF. The band at 1010 cm −1 could be attributed to the bending of dimethyleneether bridges formed when the tannin reacted with the formaldehyde. This band was strongly decreased in the formaldehyde-free TBRF spectrum. This first observation combined with the decreasing of the band intensity at 1120 cm −1 suggested that dimethylene-ether bridges were strongly diminishing in formaldehyde-free TBRF. The presence of this signal, even if to a small extent, suggested that other ether bridges could occur also from the tannin-furanic interaction as shown in Figure 5(a) . Finally further evidence occurring in the formaldehyde-free TBRF is the reduced intensity of the band at 1080 cm −1 which corresponds to the =C-O-C= breathing of the furanic ring and suggested that the furfuryl alcohols, when polymerized at higher temperature (120 ∘ C), have a higher tendency to break their ring structure. Much weaker bands at 810 and 680 cm −1 suggested less aromatic C-H out-of-plane vibration. This could be due to the more compact tannin-furanic network in formaldehyde-free TBRF which hindered this kind of C-H vibration. Generally, it can be assumed that formaldehyde-free TBRF and classic TBRF present different polymerization systems. For formaldehyde-free TBRF, the furanic rings were more easily opened to reveal the reactive sites (C=O groups), creating certain amount of flavonoid-furan interconnections which were structurally close to each other so that the aromatic parts of the polymer had higher difficulties in vibrating ( Figure 5(a) ). As for the classic TBRF, the methylol groups of tannin polymers could be reacted with the free hydroxyl groups at both terminal ends of the benzene linked PFA chains giving greater space among the aromatic parts ( Figure 5(b) ). This molecular arrangement suggested that the formaldehyde-free TBRF was even more brittle and hence less mechanically performing.
Conclusions
Infrared spectroscopy has shown to be a very good method for the investigation of tannin based rigid foams. In particular it was possible to confirm the MALDI-TOF study for the classic TBRF in which the presence of a majority of tanninformaldehyde and polyfurfuryl alcohol with which only some evidence of simultaneous presence of the three constituents was detected.
The formaldehyde-free TBRF can be discriminated from the classic TBRF by ATR FT-IR spectroscopy. The fingerprint region (between 1200 and 600 cm −1 ) of their FT-IR spectra offered small but significant differences. The higher temperature at which the formaldehyde-free TBRFs were produced allowed more furanic units to open their rings, increasing the amount of branches from the tannin-furanic interactions. Tannin-furanic interactions in formaldehydefree TBRF created more compact polymeric system which involves a more rigid structure compared to the classic TBRF. This evidence explains the weaker mechanical properties of formaldehyde-free TBRF.
